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SPECIFICATION 

Apparatus, Method, and Program for Measuring Optical Characteristic 
Using Quantum Interference, and Recording Medium 
for Recording the Program 

Background of the Invention 

1 . Field of the Invention 

The present invention relates to measuring wavelength dependency of 
optical parameters such as the attenuation constant, the delay, the dispersion, 
and the like of a device under test. 

2. Description of the Background Art 

Conventionally, wavelength dependency of optical parameters such as 
the attenuation constant, the delay, the dispersion, and the like of a device 
under test (DUT) such as an optical fiber has been measured. 

As the measuring method, methods using a Michelson interferometer 
and an optical network analyzer have been conventionally applied. Note that 
the method using the optical network analyzer is disclosed in (l) S. Ryu, Y. 
Horiuchi, K. Mochizuki, "Novel chromatic dispersion measurement method 
over continuous Gigahertz tuning range" J. Lightwave Technol., vol. 7, no. 8, pp. 
1177-1180, 1989, and (2) M. Fujise, M. Kuwazuru, H. Nunokawa, and Y. 
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Iwamoto. "Chromatic dispersion measurement over a 100-km 
dispersion-shifted single-mode fibre by a new phase-shift technique" Electron. 
Lett., vol. 22, no. 11, pp. 570-572, 1986. 

A constitution using the Michelson interferometer for measuring a 
device under test (DUT) is shown in Fig. 8. Light emitted from a light source 
100 is separated into a reflected component and a transmitted component by a 
semi-transparent mirror 102. The reflected component transmits through a 
DUT 104, is reflected by a mirror 106, transmits through the DUT 104 again, 
and returns to the semi-transparent mirror 102. The transmitted component 
transmits through a variable delay line 108, is reflected by a mirror 110, 
transmits through the variable delay line 108 again, and returns to the 
semi-transparent mirror 102. The variable delay line 108 can change the 
optical path length of the transmitted component. The reflected component 
and the transmitted component having returned to the semi-transparent 
mirror 102 are multiplexed. At this moment, interference occurs. The light 
multiplexed by the semi-transparent mirror 102 is detected by a photodetector 
114 through a mirror 112, and is converted into an electric signal. A 
processing unit 116 measures the wavelength dependency of the optical 
parameters of the DUT 104 based on the electric signal. Namely, the 
wavelength dependency of the optical parameters of the DUT 104 is measured 
using the interference between the light transmitting through the DUT 104, 
and the light transmitting through the variable delay line 108. 
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A constitution of a measuring system using the optical network 
analyzer for measuring a device under test (DUT) is shown in Fig. 9. Light 
emitted from a wavelength variable light source 200 is intensity-modulated by 
a light intensity modulator 204 based on a signal of a reference high 
frequency signal source 202, and enters into a device under test 206. The light 
entered into the device under test 206 transmits through the device under test 
206, is detected by a photodetector 208, and is converted into an electric signal. 
The electric signal is amplified by an amplifier 210, and the phase and the 
amplitude is compared with the signal fiF by a phase/amplitude comparator 222. 
As a result of the comparison, the phase and the amplitude are obtained, are 
converted into digital signals by an A/D converter 224, and are processed by a 
data processing block 226, and the wavelength dependency of the optical 
parameters of the device under test 206 is measured. Note that the 
phase/amplitude comparator 222, the A/D converter 224, and the data 
processing block 226 are parts of an network analyzer 220. 



Summary of the Invention 



However, with the methods described above, the optical parameters are 
measured by detecting the light as "wave" (the photodetector 114 and the 
photodetector 208), and converting into the electric signals. Thus, the 
detection sensitivity is limited, and it is impossible to measure with a high 
accuracy or in a wide dynamic range. For example, when the loss of the power 
of the light is large when the light transmits through the device under test, the 
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measurement accuracy degrades, or the measurement cannot be conducted. 

In view of the foregoing, the object of the present invention is to 
overcome the limit of the detection sensitivity brought about by detecting light 
as "wave", and to measure optical parameters of a device under test at a high 
accuracy or in a wide dynamic range. 

According to an aspect of the present invention, an optical 
characteristic measuring apparatus for measuring optical characteristic of a 
device under test includes- an entangled photon pair generating unit for 
generating an entangled photon pair, and supplying the device under test with 
first light which is one of the entangled photon pair; an optical path length 
changing unit for changing at least one of an optical path of second light which 
is the other one of the entangled photon pair, and an optical path of the first 
fight; a quantum interfering unit for transmitting and reflecting the first light 
transmitting through the device under test, transmitting and reflecting the 
second fight, supplying first multiplexed fight which is formed by multiplexing 
the reflected component of the first light and the transmitted component of the 
second light, and supplying second multiplexed fight which is formed by 
multiplexing the transmitted component of the first fight and the reflected 
component of the second light; a photon detecting unit for detecting a photon in 
the first multiplexed fight and the second multiplexed fight; a photon 
simultaneous detection measuring unit for measuring a quantity which 
changes when the photons are simultaneously detected by the photon detecting 
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unit; and a characteristic measuring unit for measuring the optical 
characteristic of the device under test based on the quantity measured by the 
photon simultaneous detection measuring unit. 

An optical characteristic measuring apparatus constituted as described 
above measures the optical characteristics of the device under test by utilizing 
quantum interference of entangled photon pair to detect photons. Thus, it is 
possible to overcome the limit of the detection sensitivity brought about by 
detecting light as "wave", and to measure the optical parameters of the device 
under test at a high accuracy or in a wide dynamic range. 

According to the present invention, the entangled photon pair 
generating unit includes: a light source for signal for generating input signal 
light; a light source for excitation for generating input excited light with a 
frequency higher than that of the input signal light; and an optical parametric 
amplifier for receiving the input signal light and the input excited signal light, 
and generating signal light with a frequency equal to the frequency of the input 
signal light, and idler light with a frequency equal to the difference between the 
frequency of the input excited light and the frequency of the input signal light. 

According to the present invention, the entangled photon pair 
generating unit includes: a light source for excitation for generating input 
excited light; and a spontaneous parametric down-converting unit for receiving 
the input excited light, and generating signal light and idler light. 
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According to the present invention, the quantum interfering unit is a 
semi-transparent mirror. 

According to the present invention, the quantum interfering unit is a 
beam splitter. 

According to the present invention, the transmission optical paths from 
the entangled photon pair generating unit, transmitting thorough the quantum 
interfering unit, to the photon detecting unit of the first light and the second 
light can be set equal, and the reflection optical paths from the entangled 
photon pair generating unit, reflected by the quantum interfering unit, to the 
photon detecting unit of the first light and the second light can differ from each 
other by a length sufficiently longer than the coherence length of the first light 
and the second light. 

According to the present invention, the photon detecting unit includes: 
a first photon detecting unit for detecting a photon of the first multiplexed 
light; and a second photon detecting unit for detecting a photon of the second 
multiplexed light. 

According to the present invention, the photon simultaneous detection 
measuring unit includes: a simultaneous detection signal supplying unit for 
supplying a simultaneous detection signal when the first photon detecting unit 
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and the second photon detecting unit simultaneously detect photons; and a 
counting unit for counting the frequency of the simultaneous detection signal 
supplied from the simultaneous detection signal supplying unit. 

According to the present invention, the photon detecting unit includes* 
a third multiplexed light generating unit for generating third multiplexed light 
by multiplexing the first multiplexed light and the second multiplexed light 
after changing the direction of polarization of the first multiplexed light or the 
second multiplexed light by 90 degrees; and a simultaneous detection light 
supplying unit for receiving the third multiplexed light, and supplying 
simultaneous detection light whose frequency is the sum of the frequency of the 
first multiplexed light and the frequency of the second multiplexed light when 
the first multiplexed light and the second multiplexed light simultaneously 
have high light intensity. 

According to the present invention, the photon simultaneous detection 
measuring unit includes-' an optical filter for receiving the output from the 
simultaneous detection light supplying unit, and transmitting the light having 
the frequency which is the sum of the frequency of the first multiplexed light 
and the frequency of the second multiplexed light; a fight detecting unit for 
converting the light having transmitted through the optical filter into an 
electric signal; and a voltage measuring unit for measuring the voltage of the 
electric signal. 
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According to the present invention, the characteristic measuring unit 
measures the delay or the dispersion of the device under test. 

According to the present invention, the characteristic measuring unit 
measures the attenuation constant of the device under test based on the 
quantity measured by the photon simultaneous detection measuring unit when 
the first light is supplied for the device under test, and the quantity measured 
by the photon simultaneous detection measuring unit when the first light is 
directly entered into the quantum interfering unit. 

According to the present invention, the characteristic measuring unit 
measures a frequency characteristic of the dispersion in a region of a frequency 
dispersion with the phase matching frequency of the optical parametric 
amplifier as the center based on Fourier transform of the quantity measured by 
the photon simultaneous detection measuring unit. 

According to another aspect of the present invention, an optical 
characteristic measuring method for measuring optical characteristic of a 
device under test includes: an entangled photon pair generating step for 
generating an entangled photon pair, and supplying the device under test with 
first light which is one of the entangled photon pair; an optical path length 
changing step for changing at least one of an optical path of second light which 
is the other one of the entangled photon pair, and an optical path of the first 
light; a quantum interfering step for transmitting and reflecting the first light 
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transmitting through the device under test, transmitting and reflecting the 
second light, supplying first multiplexed light which is formed by multiplexing 
the reflected component of the first light and the transmitted component of the 
second light, and supplying second multiplexed light which is formed by 
multiplexing the transmitted component of the first light and the reflected 
component of the second light; a photon detecting step for detecting a photon in 
the first multiplexed light and the second multiplexed light; a photon 
simultaneous detection measuring step for measuring a quantity which 
changes when the photons are simultaneously detected by the photon detecting 
step; and a characteristic measuring step for measuring the optical 
characteristic of the device under test based on the quantity measured by the 
photon simultaneous detection measuring step. 

Another aspect of the present invention is a program of instructions for 
execution by the computer to perform an optical characteristic measuring 
process performed by an apparatus for measuring optical characteristic of a 
device under test including: an entangled photon pair generating unit for 
generating an entangled photon pair, and supplying the device under test with 
first light which is one of the entangled photon pair; an optical path length 
changing unit for changing at least one of an optical path of second light which 
is the other one of the entangled photon pair, and an optical path of the first 
light; a quantum interfering unit for transmitting and reflecting the first light 
transmitting through the device under test, transmitting and reflecting the 
second light, supplying first multiplexed light which is formed by multiplexing 
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the reflected component of the first light and the transmitted component of the 
second light, and supplying second multiplexed light which is formed by 
multiplexing the transmitted component of the first light and the reflected 
component of the second light; a photon detecting unit for detecting a photon in 
the first multiplexed light and the second multiplexed light; and a photon 
simultaneous detection measuring unit for measuring a quantity which 
changes when the photons are simultaneously detected by the photon detecting 
unit, the process including a characteristic measuring processing for measuring 
the optical characteristic of the device under test based on the quantity 
measured by the photon simultaneous detection measuring unit. 

Another aspect of the present invention is a computer-readable medium 
having a program of instructions for execution by the computer to perform an 
optical characteristic measuring process performed by an apparatus for 
measuring optical characteristic of a device under test including* an entangled 
photon pair generating unit for generating an entangled photon pair, and 
supplying the device under test with first light which is one of the entangled 
photon pair; an optical path length changing unit for changing at least one of 
an optical path of second light which is the other one of the entangled photon 
pair, and an optical path of the first fight; a quantum interfering unit for 
transmitting and reflecting the first light transmitting through the device 
under test, transmitting and reflecting the second fight, supplying first 
multiplexed light which is formed by multiplexing the reflected component of 
the first light and the transmitted component of the second light, and supplying 
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second multiplexed light which is formed by multiplexing the transmitted 
component of the first light and the reflected component of the second light; a 
photon detecting unit for detecting a photon in the first multiplexed light and 
the second multiplexed light; and a photon simultaneous detection measuring 
unit for measuring a quantity which changes when the photons are 
simultaneously detected by the photon detecting unit, the process including a 
characteristic measuring processing for measuring the optical characteristic of 
the device under test based on the quantity measured by the photon 
simultaneous detection measuring unit. 

Brief Description of the Drawings 

Fig. 1 is a block diagram showing the constitution of an optical 
characteristic measuring apparatus according to a first embodiment of the 
present invention; 

Fig. 2 is a chart showing a positive frequency component As(co) of the 
electric field operator of a signal light and a positive frequency component Ai(co) 
of the electric filed operator of an idler light supplied from an optical 
parametric amplifier 26; 

Fig. 3 shows a chart indicating probability P(x) (when x=Ts) that an 
entangled photon pair is detected as simultaneity; 

Fig. 4 shows a chart indicating the probability P(x) for simultaneous 
detection and x, 

Fig. 5 is a chart indicating match detection probability P(t) where 
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dispersion is considered, and the match detection probability P(x) where the 
dispersion is not considered; 

Fig. 6 shows the constitution of a conventional Hong-OuMandel 
quantum interferometer; 

Fig. 7 is a block diagram showing the constitution of an optical 
characteristic measuring apparatus according to a second embodiment of the 
present invention; 

Fig. 8 shows a constitution using a Michelson interferometer of prior art 
for measuring a device under test (DUT); and 

Fig. 9 shows a constitution of a measuring system using an optical 
network analyzer of prior art for measuring a device under test (DUT). 

Detailed Description of the Invention 

The following section describes embodiments of the present invention 
while referring to drawings. 

FIRST EMBODIMENT 

Fig. 1 is a block diagram showing the constitution of an optical 
characteristic measuring apparatus according to a first embodiment of the 
present invention. The optical characteristic measuring apparatus according 
to the first embodiment measures the wavelength dependency of optical 
parameters such as the delay, the attenuation constant, and the dispersion of a 
device under test 10 (DUT). 
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The optical characteristic measuring apparatus includes entangled 
photon pair generating means 20, a variable delay line (optical path length 
changing means) 30, a semi-transparent mirror (quantum interfering means) 
40, photon detecting means 50, photon simultaneous detection measuring 
means 60, and characteristic measuring means 70. 

The entangled photon pair generating means 20 generates entangled 
photon pairs. The entangled photon pair generating means 20 includes a light 
source for signal 22, a light source for excitation 24, and an optical parametric 
amplifier 26. 

The light source for signal 22 generates input signal light. The input 
signal light includes at least a component with a frequency of cos. The input 
signal light is a Gaussian type weak pulse having a frequency dispersion of as 
for a limited pulse width at the phase match frequency coc of the optical 
parametric amplifier 26. Or the input signal light may be a weak pulse with a 
pulse width sufficiently narrow so as to be neglected (as»ac, note that ac is 
the dispersion of the phase matching of the optical parametric amplifier 26) or 
white broadband weak light such as ASE. The input signal light may be weak 
cw light. 

The light source for excitation 24 generates input excited fight. The 
input excited light includes at least a component with a frequency of cop. Note 



13 



FAJDT0301US 



10849 



that a)p>cos. 

The optical parametric amplifier (OPA) 26 receives the input signal 
light (frequency cas) and the input excited light (frequency op). The optical 
parametric amplifier 26 generates signal light (frequency cos) and idler light 
(frequency a>i=a>p-a)s). The signal light and the idler light form an entangled 
photon pair. 

The performance of the optical parametric amplifier 26 is determined 
by the phase match frequency cue and the dispersion of the phase match ac (the 
dispersion of the frequency at which the electric field strength of the output 
light is 1/e when the output light is shifted from the phase match frequency). 
At this moment, the entangled photon pairs are generated efficiently when 
o>c=u)p/2. Thus, the first embodiment satisfies (oc=cop/2. The state vector of 
the entangled photon pair supplied from the optical parametric amplifier 26 is 
described by expression (l) below. 



00 

\Hr) = / <jb(a))dw\lu>)s\L<o,-<o)i (D 

-00 ' ' 

A positive frequency component of the electric field operator of the 
signal light supplied from the optical parametric amplifier 26 is expressed by 
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Fourier integral as in expression (2), and a positive frequency component of the 
electric filed operator of the idler light is expressed by Fourier integral as in 
expression (3). 



In this expression, As(co) is the electric field amplitude component at the 
frequency of co of the signal light, and Ai(a>) is the electric filed amplitude 
component at the frequency of co of the idler light. In this embodiment, a type 
I nonlinear optical crystal which makes the polarization directions of the signal 



The frequency co of the signal light and the frequency co' of the idler light 
supplied from the optical parametric amplifier 26 are expressed as follows 
while an infinitesimal parameter e is introduced. 

co=tt>c+e 

o> ,= coc-s 




ca- 



ught and the idler Ught equal is used as the optical parametric amplifier 26. 
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When the performance of the optical parametric amplifier 26 is 
determined by the phase match frequency odc, and the dispersion of the phase 
match oc, the input signal light is the Gaussian weak pulse having the 
frequency dispersion of as for a limited pulse width at the phase match 
frequency odc of the optical parametric amplifier 26, and the input excited 
(pump) light is light with a single frequency of cop, As(oo) and AsW) are 
expressed by expressions (4) and (5). Note that (op=2coc. 

A(w) = A(co, + <s) = A(co c )e^ )2/2t,2 =A(a>.)e" 2 ^ » 

A(cJ)=A(aje-^ 202 =A(ca)e ^ (5) 

In this equation, a 2: =ac 2 as 2 /(ac 2 +as 2 ). There is a relationship of 
Lcoh=v"2c/a between the a and the coherence length Lcoh of the signal light and 
the idler light. Note that (c) denotes the velocity of light. 

When the performance of the optical parametric amplifier 26 is 
determined by the phase match frequency cue, the dispersion of the phase match 
ac, the input signal light is a weak pulse with a pulse width sufficiently narrow 
so as to be neglected (the frequency band is sufficiently broader than the 
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frequency band of the phase match, as»oc) or white broadband weak light 
such as ASE, and the input excited (pump) light is light with a single frequency 
of o>p, As(a>) and Ai(coO are represented as expressions (6) and (7). 



As(co) = As((jOc + e) = A s (cOc)e 



2c£ 



(6) 



Ai(Qj) = Ai(co c -$ = Ai(CL>c)e = A(o>>c)e 



2oi 



(7) 



There is a relationship of Lcoh=/2c/ac between the ac and the coherence 
length Lcoh of the signal light and the idler light. 

The signal light (first light) supplied from the optical parametric 
amplifier 26 is supplied for the device under test 10, and the idler light (second 
light) is supplied for the variable delay line 30. 

The impulse response function of the device under test 10 is 
represented as the following expression (8). Note that the dispersion is not 
considered. 
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Bs(aJ) = ¥L(COc +3 = exp^a^exp^XCL) = exp( : <JCs)exp( r iTsCOc)exp( r iTs £) 

(8) 

Note that as- attenuation constant of the device under test 10 due to 
dispersion and absorption, and Ts- delay of the device under test 10. 

The variable delay line (optical path length changing means) 30 can 
change the optical path length of the idler light (second light). The variable 
delay line 30 includes a movable mirror 30a and a fixed mirror 30b. The 
movable mirror 30a and the fixed mirror 30b form an optical path for the idler 
light, and the optical path length for the idler light is changed by 
approaching/departing the movable mirror 30a toward/from the fixed mirror 
30b. The period for which the idler light transmits through the variable delay 
line 30 is referred to as a delay x. The variable delay line 30 changes the 
optical path length for the idler light to change the delay x. 

As described later, by changing the delay x, the delay x which maximizes 
the probability that the photon of the signal light (first light) and the photon of 
the idler light (second light) are detected simultaneously is obtained. This 
delay x is the delay Ts of the device under test 10. 
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Note that the variable delay line (optical path length changing means) 
30 may change the optical path length of the signal light instead of the optical 
path length of the idler light. Or it may change the optical path lengths of the 
idler light and the signal light. The optical path length referred to here is the 
length of an optical path along which the idler light or the signal light reaches 
the photon detecting means 50 after transmitting through or reflected on the 
semi-transparent mirror 40. 

The semi-transparent mirror (quantum interfering means) 40 receives 
the signal light (first light) after transmitting through the device under test 10 
or the idler light (second light) after transmitting through the variable delay 
line 30. A positive frequency component of the electric field operator of the 
signal light (first light) after transmitting through the device under test 10 is 
expressed by expression (9), and a positive frequency component of the electric 
filed operator of the idler light (second fight) after transmitting through the 
variable delay line 30 is expressed by expression (10). Note that it is assumed 
that the loss of the light due to the variable delay line 30 is negligible. 



E^(t) fdcoHs((jO)As(CD) 



27T 



e ilot a s (aS) 



(9) 
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-;a>(/+r) 



ai(co) 



(10) 



The semi-transparent mirror 40 is tilted by 45 degrees with respect to 
the signal light after transmitting through the device under test 10, and the 
idler light after transmitting through the variable delay line 30. Note that the 
angle between the signal light after transmitting through the device under test 
10, and the idler light after transmitting through the variable delay line 30 
enter the semi-transparent mirror 40 such that the angle between them is 90 
degrees. The signal light after transmitting through the device under test 10 
enters the front surface of the semi-transparent mirror 40, and the idler light 
after transmitting through the variable delay line 30 enters the rear surface of 
the semi-transparent mirror 40. It is assumed that the transmittance and the 
reflectance of the semi-transparent mirror 40 is 50%:50%. 

The semi-transparent mirror 40 reflects the signal light transmitting 
through the device voider test 10. The phase of the reflected light changes by 
jt/2. The semi-transparent mirror 40 transmits the idler light which has 
transmitted through the variable delay line 30. The signal light reflected by 
the semi-transparent mirror 40, and the idler light transmitting through the 
semi-transparent mirror 40 are multiplexed, and supplied as first multiplexed 
light. The traveling direction of the first multiplexed light is equal to the 
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incident direction to the semi-transparent mirror 40 of the idler light after 
transmitting through the variable delay line 30. 

The semi-transparent mirror 40 transmits the signal light after 
transmitting through the device under test 10. The semi-transparent mirror 
40 reflects the idler light after transmitting through the variable delay line 30. 
The phase of the reflected light changes by re/2. The signal light transmitting 
through the semi-transparent mirror 40, and the idler light reflected by the 
semi-transparent mirror 40 are multiplexed, and supplied as second 
multiplexed light. The traveling direction of the second multiplexed light is 
equal to the incident direction to the semi-transparent mirror 40 of the signal 
light after transmitting through the device under test 10. 

The semi-transparent mirror 40 is provided with a moving mechanism 
(not shown) which can change the optical path length of the light reflected by 
the semi-transparent mirror 40 by a quantity corresponding to a period 5r. A 
positive frequency component of the electric field operator of the first 
multiplexed light is expressed by expression (ll), and a positive frequency 
component of the electric filed operator of the second multiplexed light is 
expressed by expression (12). 
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E;(t)=-^E;(t) + -j=E;(t) 



1 ^jiwH^^a^e-" + — jrdaJA(Cj)«,(a»)e*' 2 c- iw( '* T * Sl ' 

27r~°° 27r~°° 



(12) 



It is preferable to displace the semi-transparent mirror 40 such that the 
difference between the reflected optical path length of the signal light (first 
fight) and the reflected optical path length of the idler fight (second fight) is 
sufficiently larger than the coherence length Lcoh of the signal fight (first fight) 
and the idler fight (second fight). Note that the semi-transparent mirror 40 is 
displaced in parallel along an arrow shown in Fig. 1. Namely, after the 
semi-transparent mirror 40 is displaced, the semi-transparent mirror is still 
tilted by 45 degrees with respect to the signal fight (first fight) and the idler 
fight (second fight). Note that the reflected optical path length of the signal 
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light (first light) referred here is the length of the optical path along which the 
signal light is emitted from the optical parametric amplifier 26, is reflected by 
the semi-transparent mirror 40, and reaches the photon detecting means 50 
(specifically, a first photon detector 50a described later). In addition, note that 
the reflected optical path length of the idler light (second light) referred here is 
the length of the optical path along which the idler light is emitted from the 
optical parametric amplifier 26, is reflected by the semi-transparent mirror 40, 
and reaches the photon detecting means 50 (specifically, a second photon 
detector 50b described later). 

Note that, with this constitution, even when the semi-transparent 
mirror 40 is displaced, the transmitted optical path length of the signal light 
(first light) and the transmitted optical path length of the idler fight (second 
light) remain constant, and do not change. Note that the transmitted optical 
path length of the signal light (first light) is the length of the optical path along 
which the signal light is emitted from the optical parametric amplifier 26, 
transmits through the semi-transparent mirror 40, and reaches the photon 
detecting means 50 (specifically, the second photon detector 50b described later). 
In addition, note that the transmitted optical path length of the idler fight 
(second light) referred here is the length of the optical path along which the 
idler light is emitted from the optical parametric amplifier 26, transmits 
through the semi-transparent mirror 40, and reaches the photon detecting 
means 50 (specifically, the first photon detector 50a described later). It is 
possible to accurately measure the optical characteristics of the device under 
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test 10 by displacing the semi-transparent mirror such that the difference 
between the reflected optical path length of the signal light and the reflected 
optical path length of the idler light is sufficiently larger than the coherence 
length Lcoh of the signal light and the idler light. 

Note that a beam splitter may be used in place of the semi-transparent 
mirror 40. 

The photon detecting means 50 detects photons in the first multiplexed 
light and the second multiplexed light. The photon detecting means 50 
includes the first photon detector 50a and the second photon detector 50b. The 
first photon detector 50 a detects single photons in the first multiplexed light. 
The second photon detector 50b detects single photons in the second 
multiplexed light. The first photon detector 50a and the second photon 
detector 50b can detect single photons. The first photon detector 50a and the 
second photon detector 50b can be realized by setting the Si-APD (Avalanche 
Photo Diode) to a photon counting mode. It is preferable that the position of at 
least either one of the first photon detector 50a and the second photon detector 
50b can be finely adjusted so that the optical path lengths from the 
semi-transparent mirror 40 to the first photon detector 50a and the second 
photon detector 50b are exactly the same when the semi-transparent mirror 40 
is at a so-called 0 position (zero position) which satisfies 6x=0. 

The 0 position (zero position) implies a position of the semi-transparent 
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mirror 40 which sets the difference between the reflected optical path length of 
the signal light (first light) and the reflected optical path length of the idler 
light (second light) to zero. Note that the reflected optical path length of the 
signal light (first fight) is the length of the optical path along which the signal 
light is emitted from the optical parametric amplifier 26, is reflected by the 
semi-transparent mirror 40, and reaches the photon detecting means 50 
(specifically, the first photon detector 50a). In addition, note that the reflected 
optical path length of the idler light (second fight) referred here is the length of 
the optical path along which the idler fight is emitted from the optical 
parametric amplifier 26, is reflected by the semi-transparent mirror 40, and 
reaches the photon detecting means 50 (specifically, the second photon detector 
50b). 

The photon simultaneous detection measuring means 60 measures a 
quantity which changes when the photons are simultaneously detected by the 
photon detecting means 50. Specifically, it counts frequency of simultaneous 
detection of photons by the photon detecting means 50. The photon 
simultaneous detection measuring means 60 includes a multiplier 
(simultaneous detection signal output means) 62 and a counter 64. 

The multiplier (simultaneous detection signal output means) 62 
supplies a pulse (simultaneous detection signal) when the first photon detector 
50a and the second photon detector 50b simultaneously detect photons. 
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The counter 64 counts the pulse (simultaneous detection signal) 
supplied from the multiplier 62, and supplies the frequency of the output of the 
pulse. 

The characteristic measuring means 70 measures the optical 
characteristics of the device under test 10 based on the output (frequency of the 
output of the simultaneous detection signal) from the photon simultaneous 
detection measuring means 60. The optical characteristics to be measured 
may be the delay, the attenuation constant, the refractivity, the dispersion, and 
the frequency characteristic of the dispersion. 

First, how to measure the delay is described. 

The product of the positive frequency component of the electric field 
operator of the first multiplexed light, the positive frequency component of the 
electric filed operator of the second multiplexed light, and the state vector for 
the entangled photon pair supplied from the optical parametric amplifier 26 is 
represented by expression (13). 



E;(t)Et(t)\W) — —e i(Opt - i0)cT fde (fa^M 

87C 2 



(13) 
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The probability of detecting the entangled photon pair as simultaneity 
(probability that the first photodetector 50a and the second photodetector 50b 
simultaneously detect photons) when the delay x of the variable delay line 30 is 
changed is expressed by expression (14) obtained by multiplying expression 
(13) by its Hamiltonian (phase) conjugate. 



P(T) = r,{V\E;(t)E-(t)E; (t)E?{tW 



647? v 



<x 2 6 t 2 g-a 2 (t-Ts) 2 ^2 



(14) 



Note that r\ is detection efficiency of the first photon detector 50a and 
the second photon detector 50b. 

The positive frequency component As(co) of the electric field operator of 
the signal light and the positive frequency component Ai(a>) of the electric filed 
operator of the idler light supplied from the optical parametric amplifier 26 are 
shown in Fig. 2. 

The probability P(x)that the entangled photon pair is detected as 
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simultaneity (when x=Ts) is shown in Fig. 3. As Fig. 3 shows, it is necessary to 
displace 6x from 0 position by a quantity sufficiently larger than ±11 a so that P 
(x) has significance. Namely, the movable distance cSr (c is velocity of light) of 
the semi-transparent mirror 40 should be sufficiently larger than the coherence 
length Lcoh of the signal light (first light) and the idler light (second light). 
When &r=0, the probability of P(x) for simultaneous detection is 0. When 5x is 
displaced from 0 position by a quantity sufficiently larger than ±l/a, the term of 
&x in the probability of P(x) for simultaneous detection is negligible, and P(x) is 
approximated by only x. 

In this state, when P(x) is measured while x is being changed, as shown 
in Fig. 4, the P(x) for simultaneous detection is at a peak when x=Ts, namely, 
the delay x of the variable delay line 30 is equal to the delay Ts of the device 
under test 10. 

Thus, the delay x is the delay Ts of the device under test 10 when the 
delay x of the variable delay line 30 is changed by moving the movable mirror 
30a, and consequently the P(x) for simultaneous detection reaches the peak. 

The following section describes how to measure the attenuation 
constant. 

First, the device under test 10 is connected to the optical characteristic 
measuring apparatus, and the probability of P(x) for simultaneous detection is 
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measured. Then, the device under test 10 is detached from the optical 
characteristic measuring apparatus, and the signal light (first light) is directly 
supplied for the semi-transparent mirror 40. At this time, the probability of 
the simultaneous detection is set as PO(xO. If the attenuation constant when 
the device under test 10 is not present is 0, 
P(x)/P0(x)=exp(-2as). 

Thus, the attenuation constant as of the device under test 10 can be measured. 

The following section describes why the probability of P(x) for 
simultaneous detection takes on the peak (maximum) by adjusting x when Sx is 
displaced from 0 position by a quantity sufficiently larger than ±11 a. In this 
case, the difference between the reflected optical path length (optical 
parametric amplifier 26 — > semi-transparent mirror 40 first photon detector 
50a) of the signal light (first light) and the reflected optical path length (optical 
parametric amplifier 26 -> semi-transparent mirror 40 -> second photon 
detector 50b) of the idler light (second light) is sufficiently larger than the 
coherence length Lcoh of the signal light and the idler light. Note that when 
&x=0, the difference between the reflected optical path length of the signal light 
(first light) and the reflected optical path length of the idler light (second light) 
isO. 

Thus, for the entangled photon pairs reflected on the semi-transparent 
mirror 40, there is a difference in time between when the individual photon 
pairs reach the first photon detector 50a and the second photon detector 50b. 
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Thus, they do not contribute to increasing the probability of the simultaneous 
detection. 

On the other hand, for the entangled photon pairs transmitting through 
the semi-transparent mirror 40, it is possible to use the variable delay line 30 to 
exactly match the time when the photon reach the first photon detector 50a and 
the time when the photon reach the second photon detector 50b without the 
influence of the position of the semi-transparent mirror 40. Namely, it is 
possible to equalize the transmission optical path length of the signal light 
(first light) and the transmission optical path length of the idler light (second 
light). Thus, they contribute to increasing the probability of the simultaneous 
detection. 

Therefore, the probability of simultaneous detection P (x) reaches the 
peak (maximum) by adjusting the delay x of the variable delay line 30. 

The following section describes how to measure the refractivity. 

When the optical path for the signal light where the device under test 
10 is inserted, and the optical path of the idler light where the variable delay 
line 30 is inserted are exactly identical (as for the constitution including the 
optical path length and the constitution of the mirror) except for the device 
under test 10 and the variable delay line 30, the probability of simultaneous 
detection P (x) reaches the peak (maximum) when x=Ts as described above. 
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However, in practice, the two optical paths are not always the same, 
and the probability of simultaneous detection P (x) reaches the peak 
(maximum) when x=Ts+A. Then, the device under test 10 is detached from the 
optical characteristic measuring apparatus, and the signal light (first light) is 
directly supplied for the semi-transparent mirror 40. At this time, the 
probability of simultaneous detection P0(x) reaches the peak (maximum) when 
x=T0+A. Note that TO is the delay corresponding to a section to which the 
device under test 10 was attached when the device under test 10 is not 
connected. Thus, the difference in the delay x-x between when the probability 
for the simultaneous detection P(x) takes the peak (maximum) while the device 
under test 10 is connected and when the probability for the simultaneous 
detection PO(xO takes the peak (maximum) while the device under test 10 is not 
connected is the difference between the delay Ts for the device under test 10 
and the delay TO when the device under test 10 is not connected (the period for 
which light travels in the vacuum or in the air by the length corresponding to 
the device under test 10). Namely, 
x-x'=Ts-T0. 

Further, when the length of the device under test 10, and the 
refractivity nO of the section where the device under test 10 was connected 
when the device under test 10 is not connected are known, the refractivity (n) of 
the device under test 10 is obtained as expression (15). 
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Ldut 



The following section describes how to measure the dispersion. 

The impulse response function for the device under test 10 is 
represented as expression (16) when the dispersion is considered. 



H s(OJ c + £) = exp(-a s ) exp(-iTs £) exp(-ih/3s m 



Note that ps is a dispersion parameter, and Is is the length of the device under 
test 10. 

There is a relationship represented by expression (17) between the 
dispersion parameter ps and the wavelength dispersion Ds. 



32 



FADT0301US 10849 



l7tc 



(17) 



Then, the match detection probability P'(x) is represented by expression 
(18) when a new ot is introduced. 



P , {r) . ^ 4? to.)A 2 to.) og ^-^> 1 A _ e -^V*-.>* )" <18) 



ot is represented by expression (19). 



As shown in Fig. 5, the match detection probability F(x) spreads wider 
due to the influence from the dispersion than the match detection probability 
P(x) where the dispersion is not considered. The dispersion of the device under 
test 10 is obtained from this spread. 
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Finally, the following section describes how to measure the frequency 
characteristic of the dispersion. 

When the dispersion of the device under test 10 depends on the 
frequency, the match detection probability Q(x) is equal to the product of the 
match detection probability P(x) when the frequency dependency of the 
dispersion is not considered and a function F(x). Namely, 
Q(x)=P(x)F(x). 

Thus, by calculating the Fourier transform of the match detection 
probability Q(x) obtained as a result of the measurement, the frequency 
spectrum is obtained, and the frequency characteristic of the dispersion in the 
region of a frequency dispersion ac about the center of the a>c is obtained. 

The following section describes the operation of the first embodiment. 

The input signal light generated by the light source for signal 22, and 
the input excited light generated by the light source for excitation 24 are 
entered to the optical parametric amplifier (OPA) 26. As a result, the signal 
light and the idler light are generated. The signal light (first light) is supplied 
for the device under test 10, and the idler light (second light) is supplied for the 
variable delay line 30. The signal light after transmitting through the device 
under test 10, and the idler light transmitting through the variable delay line 
30 are supplied for the semi-transparent mirror 40. 
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The signal light reflected by the semi-transparent mirror 40, and the 
idler light transmitting through the semi-transparent mirror 40 are 
multiplexed, and supplied as first multiplexed light. The signal light 
transmitting through the semi-transparent mirror 40, and the idler light 
reflected by the semi-transparent mirror 40 are multiplexed, and supplied as 
second multiplexed light. 

The photon is detected in the first multiplexed fight by the first photon 
detector 50a, and the photon is detected in the second multiplexed light by the 
second photon detector 50b. When the photons are detected simultaneously, 
the multiplier 62 supplies the pulse (match detection signal), and the frequency 
of the output is supplied for the characteristic measuring means 70 from the 
counter 64. 

The characteristic measuring means 70 obtains the probability of the 
match detection from the output frequency of the match detection signal. 
Then the optical characteristics of the device under test 10 are measured. 

With the first embodiment, the optical characteristics of the device 
under test 10 are measured by using the quantum interference of the entangled 
photon pair to detect photons. Thus, the limit of the detection sensitivity due 
to detecting light as "wave" is overcome, and it is possible to measure the 
optical parameters of the device under test 10 at a high accuracy or in a wide 
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dynamic range. 

Note that since the measurement is possible for weak light, it is 
possible to measure the device under test 10 without destruction, or without 
invasion. In addition, since a fringe pattern is not generated, which is 
different from the conventional Michelson interferometer, there is no ambiguity 
of integer multiples of the period or the phase of 2ji, the interferometer itself 
can measure the delay and the wavelength dispersion in addition to the 
attenuation constant of the device under test 10. 

Further, since, different from the conventional network analyzer, a light 
intensity modulator is not used, influence of transmission characteristic itself 
of the modulator, or drift of the transmission characteristic on the measuring 
accuracy of the optical parameters of the device under test 10 does not matter. 

Though the first embodiment might seem similar to a conventional 
Hong-Ou-Mandel quantum interferometer (see C.K. Hong, Z.Y. Ou, and L. 
Mandel, Phys. Rev. Lett. 59, 2044 (1987)), there is a significant difference. 

Hong-Ou-Mandel quantum interferometer enters entangled photon 
pairs into optical paths (a) and (b), and combines on a beam splitter (BS) as 
shown in Fig. 6. At this time, the optical path difference between the optical 
paths (a) and (b) is within the range of the coherence length of the entangled 
photon pair. Consequently, the match detection probability takes a dip 
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(minimal) (see around Sr=0 in Fig. 3). This occurs when the both of the 
photons of the photon pair transmit through or are reflected by the beam 
splitter. However, it is not impossible to tell which phenomenon occurs. 
Interference which occurs due to incapability of determining which 
phenomenon occurs extends the concept of the quantum mechanics. An 
important thing here is the optical path difference between the optical paths (a) 
and (b) should be within the range of the coherence length of the entangled 
photon pair. 

On the other hand, in the first embodiment, the difference between the 
reflection optical path length (optical parametric amplifier 26 -» 
semi-transparent mirror 40 — * first photon detector 50a) of the signal light 
(first light) and the reflection optical path length (optical parametric amplifier 
26 -> semi-transparent mirror 40 -* second photon detector 50b) of the idler 
light (second light) is sufficiently larger than the coherence length Lcoh of the 
signal light and the idler light. As a result, the photon match detection 
probability is displaced from the dip (minimal) (see a section where St is 
displaced from 0 position by a quantity sufficiently larger than ±l/o) in Fig. 3. 
Otherwise, the match detection probability of the photons is not measured, and 
the optical characteristics of the device under test 10 are not measured. 

Namely, in the first embodiment, the optical path difference between 
the two optical paths of the interferometer is sufficiently larger than the 
coherence length of the entangled photon pair, which is a characteristic 
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opposite to the conventional Hong-Ou-Mandel quantum interferometer. 

SECOND EMBODIMENT 

A second embodiment is different from the first embodiment in the 
constitution of the entangled photon pair generating means 20, the photon 
detecting means 50, and the photon match detection measuring means 60. 

Fig. 7 is a block diagram showing the constitution of an optical 
characteristic measuring apparatus according to the second embodiment of the 
present invention. The optical characteristic measuring apparatus according 
to the second embodiment measures the wavelength dependency of the optical 
parameters such as the delay, the attenuation constant, and the dispersion of 
the device under test 10 (DUT). 

The optical characteristic measuring apparatus includes the entangled 
photon pair generating means 20, the variable delay line (optical path length 
changing means) 30, the semi-transparent mirror (quantum interfering means) 
40, the photon detecting means 50, the photon match detection measuring 
means 60, and the characteristic measuring means 70. In the following 
section, the same reference numerals are assigned with parts similar to those 
in the first embodiment, and description for them is not provided. 

The entangled photon pair generating means 20 generates entangled 
photon pairs. The entangled photon pair generating means 20 includes the 
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light source for excitation 24, and a SPDC (Spontaneous Parametric 
Down -Converter) 28. 

The light source for excitation 24 is similar to that in the first 
embodiment. The spontaneous parametric down -converter 28 receives the 
input excited light (frequency cop), and generates signal light (frequency cos) 
and idler light (frequency coi=cop-a>s). Note that the spontaneous parametric 
down -converter 28 can be formed by preventing input signal light from entering 
into the optical parametric amplifier (OPA) 26. 

The variable delay fine (optical path changing means) 30 and the 
semi-transparent mirror (quantum interfering means) 40 are similar to those 
in the first embodiment. 

The photon detecting means 50 detects photons in the first multiplexed 
fight and the second multiplexed light. The photon detecting means 50 
includes mirrors 52a and 52b, a half wavelength plate 53, a semi-transparent 
mirror 54, and a nonlinear crystal (match detection light supplying means) 56. 

The mirror 52a changes the travel direction of the first multiplexed 
light by 90 degrees, and the mirror 52b changes the travel direction of the 
second multiplexed fight by 90 degrees. As a result, the first multiplexed light 
and the second multiplexed light are orthogonal to each other. 
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The half wavelength plate 53 shifts the polarization of the second 
multiplexed light reflected by the mirror 52b by 90 degrees before the first 
multiplexed light and the second multiplexed light intersect. Note that the 
half wavelength plate 53 may be disposed such that it shifts the polarization of 
the first multiplexed light reflected by the mirror 52a by 90 degrees before the 
first multiplexed light and the second multiplexed light intersect. 

The semi-transparent mirror 54 is disposed at the point where the first 
multiplexed light and the second multiplexed light intersect. The 
semi-transparent mirror 54 multiplexes the first multiplexed light and the 
second multiplexed light into third multiplexed light, and supplies the 
nonlinear crystal 56 with the third multiplexed light. 

The nonlinear crystal (match detection light output means) 56 is a type 
II nonlinear crystal (SHG crystal, and the phase match condition is met when 
a)C=a>p/2 and op). The nonlinear crystal 56 supplies the match detection light 
whose frequency is the sum of the frequency of the first multiplexed light and 
the frequency of the second multiplexed fight (namely cop) when the intensity of 
the first multiplexed light and the intensity of the second multiplexed light are 
simultaneously high. 

The photon match detection measuring means 60 measures a quantity 
which changes when the photons are simultaneously detected by the photon 
detecting means 50. Specifically, the change in the intensity of the match 
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detection light supplied from the photon detecting means 50 is measured. The 
photon match detection measuring means 60 includes an optical filter 66, a 
photodetector 67, and a digital multi-meter (DMM) (voltage measuring means) 
68. 

The optical filter 66 receives the output from the nonlinear crystal 56, 
transmits only the light with the frequency of cop which is the sum of the 
frequencies of the first multiplexed fight and the second multiplexed light, and 
removes the other light. The photodetector 67 applies photo/electric 
conversion to the output from the optical filter 66. The digital multi-meter 
(DMM) (voltage measuring means) 68 measures the voltage of the electric 
signal supplied from the photodetector 67. This voltage indicates the change 
in the intensity of the match detection fight. The voltage is supplied for the 
characteristic measuring means 70. 

The characteristic measuring means 70 is similar to that in the first 
embodiment. The intensity change of the match detection light can be 
handled as the match detection probability P(x) in the first embodiment. 

The following section describes the operation of the second embodiment. 

The input excited light generated by the light source for excitation 24 is 
entered to the spontaneous parametric down-converter 28. As a result, the 
signal light and the idler light are generated. The signal fight (first light) is 
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supplied for the device under test 10, and the idler light (second light) is 
supplied for the variable delay line 30. The signal light after transmitting 
through the device under test 10, and the idler light transmitting through the 
variable delay line 30 are supplied for the semi-transparent mirror 40. 

The signal light reflected by the semi-transparent mirror 40, and the 
idler light transmitting through the semi-transparent mirror 40 are 
multiplexed, and supplied as first multiplexed light. The signal light 
transmitting through the semi-transparent mirror 40, and the idler light 
reflected by the semi-transparent mirror 40 are multiplexed, and supplied as 
second multiplexed light. 

The travel direction of the first multiplexed light and the second 
multiplexed light are changed by the mirror 52a and the mirror 52b 
respectively by 90 degrees, and intersect on the semi-transparent mirror 54. 
Note that the polarization of the second multiplexed light is changed by the half 
wavelength plate 53 by 90 degrees before the intersection. The first 
multiplexed light and the second multiplexed light are multiplexed by the 
semi-transparent mirror 54 into the third multiplexed light, and the third 
multiplexed light is supplied for the nonlinear crystal 56. The nonlinear 
crystal 56 supplies the match detection light whose frequency is the sum 
(namely cop) of the frequency of the first multiplexed fight and the frequency of 
the second multiplexed fight when the intensity of the first multiplexed light 
and the intensity of the second multiplexed light are simultaneously high. 
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The output from the nonlinear crystal 56 is filtered by the optical filter 
66, and only the match detection light is supplied for the photodetector 67. 
The photodetector 67 converts the match detection light from light to electricity, 
and the voltage of the electric signal as a conversion result is measured by the 
digital multi-meter (DMM) 68. This voltage indicates the change in the 
intensity of the match detection light. The voltage is supplied for the 
characteristic measuring means 70. 

The characteristic measuring means 70 measures the optical 
characteristics of the device under test 10 based on the change in the intensity 
of the match detection light. 

With the second embodiment, effects similar to those of the first 
embodiment are obtained. 

The embodiments described above may be realized in the following 
constitution. A computer includes a CPU, a hard disk, and a media (such as a 
floppy disk and a CD-ROM) reader, the media reader reads a medium recording 
a program realizing the individual parts described above such as the 
characteristic measuring means 70, and the program is installed on the hard 
disk. This method may realize the functions described above. 



43 



